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PRIMARY DECOMPOSITION PRODUCTS OF AN EASTERN
BITUMINOUS COAX ON FRACTIONAL
CARBONIZATION
.
* * * *
I* Introduction.
1. The purpose of the Investigation,
The purpose of this investigation has been the study
of the products of decomposition at successive temperatures of
an Eastern Bituminous Coal of the High Volatile Type,
The constitution of coal may he studied from either of
two viewpoints, that of the action of certain solvents on the
coal, and, "by the decomposition products when it is subjected to
carbonization. Much work has been done on this subject from both
angles, in the latter field by such men as Burgess, Clarke,
Wheeler, Hollings, Cobb, Porter, Taylor, Parr, Olin, Francis, and
layng. The products of decomposition however, vary within rather
wide limits, depending upon the conditions of carbonizing (for-
instance, the position of the retort, length of time of heating,
and rate of increase of temperature), so that for purposes of
comparison the work of one investigator can not be set up against
that of another. This has been found to be especially true in
connection with work in progress at the University of Illinois,
so in order to have comparable data at hand for the further
study of carbonization of coal this work has been undertaken,
M.J. Burgess, R. V. Wheeler, and A. H. Clarke 1 found
1.- Jour. Chem. Soc. 97,(1910) pp. 1919-1935; 99,(1911) pp.
650-667; 103, (1913T"pp . 1705-1715; 105, (19147 pp . 131-140.

2that at low temperatures and up to 150°C. occluded or condensed
gases were removed by heating and exhausting the retort. At 200°C.
and at various temperatures thereafter fwater of constitution
'
was given off. Below 450°C. they found that high members of the
paraffine series (02%, C3H3, C4HiQ,ete.) formed a large percent-
age of the gases. They recognized two types of compounds in the
coal,- one decomposing easily and yielding principally paraffin
hydrocarbons; the other decomposing less easily and yielding
mostly hydrogen. They marked a point of decomposition at and
above 7 00°C. at which the evolution of paraffin hydrocarbons
ceased and at which there was a marked increase in the amount of
hydrogen evolved.
tfhite, Park, and Eunkley1 found that the gas given off
by the coal in the interval from 300°-350°C. contained from 25$
to 40$ ethane, the yield of ethane diminishing at the latter
point until very little was produced between 450°-500°C. Methane
reached its maximum at 450°-500°C. while the illuminants decreased
steadily from 8$ at 300°C. to zero at 500°C.
Vignon^, who examined the gaseous products of carbon-
ization collected at different temperatures divides the carbon-
ization process into three stages, during the first of which
unsaturated hydrocarbons, higher paraffins, phenols, oils, etc.
are given off; methane is given off during the second stage, and
hydrogen during the third.
Parr and Olin 3
,
found the tar given off at low temper-
1. Am. Gas Light Jour. 89,(1906) pp.621.
2. Compt. Rend. (1912) pT 1514.
3. Bull. 7 9, Eng. 3xpt. Sta., Univ. of 111., (1915).

3atures by an Illinois Coal to have a low specific gravity, low
free -carbon content, free of naphthalene, and to have a large per-
centage of low boiling distillate rich in tar acids.
Parr and Francis1
,
while makingtests in an atmosphere
of steam noted exothermic reactions near the temperature of 315°C.
Hollings and Cobb 2 found a strong exothermic reaction
in cellulose at temperatures of 345° to 400°C. but did not
observe it in old, well-formed coals. At temperatures between
600°-800°C. the reaction was observed in all coals tested.
J. W. Cobb^ speaking of decomposition reactions in
carbonization processes says, "Benzene
,
CgHg, a single ring com-
pound, condenses at 600°C. to Oi^^O* solid diphenyl, double
ring, eliminating Hg gas. (Decomposition in a current of H2 was
found to have just started at 550°C. ) At higher temperatures it
condenses further to triple ring compounds with the elimination
of more Hg f bearing in mind however, that the presence of
almost nullifies decomposition up to a temperature of 800°C.
O + O S=± OO -r H*
oo + o = ooo + ^
Toluene, CeH5CH 3 , condenses at 600°C. to such compounds as C14K1
solid stilbene, double ring, eliminating H 2 gas. At higher tem-
1. Bull. 24, Eng. Expt. Sta., Univ. of 111., (1908)
2. Jour. Chem. 3oc, 107,(1915) p. 1106.
3. Gas Jour. 143, (19TET, np . 482-487. Gas World 69,
(1918), pp.~TH8-132. —

4peratures (800°C.) it condenses further in the nucleus, with the
elimination of H2 , forming anthracene. It yields benzene by the
aotion of Eg and methane (CH^) by the union of the CHg group
and H.
The presence of hydrogen lessens the formation of solid molecular
condensates but promotes decomposition of toluene to benzene".
Bergius 1 describes a process in which coal is heated
with under high pressure. He claims that the H2 reacts readily,
giving liquid products or easily melting solids. He also claims
the application of the same process to such products as tar and
pitch, stating that 1 kg. of tar, heated with Ho at 100 atmos-
pheres pressure for 4 hours gives
.60$ yield of a product which
when distilled up to 250°C. is a distillate resembling petroleum*
"The general reaction relied upon, 51 says Cobb, ais no doubt the
same as the conversion of solid diphenyl into liquid benzene by Hg?
Porter and Taylor 2 found that the products of carbon-
ization at 427°-482°C. consist of 0.6-0.7 cu. ft. of rich gas
and tar and oil comprising 10-13$ of the coal, rich in paraffin
1. Jour. Chem. 3oc. (1916) pp. 167, 7 32.
2. Tech. Paper 140, U. S. Bur. Mines, 1916.

5hydrocarbons, low or even devoid of benzene and naphthalene deriv-
atives. The gas contained 6-7$ of unsaturated hydrocarbons and
20-25$ of ethane and its higher homologues. They conceived of the
cellulosic derivatives of the coal decomposing upon moderate heat-
ing to yield water, carbon dioxide, carbon monoxide, and hydro-
carbons, giving less of the first three mentioned products they
more mature and altered they are, while the resinous derivatives
decompose upon moderate heating to yield principally paraffin
hydrocarbons, with probably hydrogen as a direct decomposition
product also.
Parr and layng1 upon heating coal to 750°C. found that
it produced a tar of high tar-acid and paraffin content and low
in free -carbon, a gas of high calorific value increasing in
at higher temperatures and decreasing in CH4 , CaHg, C2H4, and
CgHg at these temperatures, together with an interesting ! low
temperature coke 1 •
Attention should also be called to a paper by these
same authors now in preparation as a bulletin of the University
of Illinois Engineering Experiment Station, giving a more detailed
discussion of the above work.
2, Outline of the Present Investigation.
It has been the object of this investigation to obtain
the primary products of decomposition, avoiding secondary decom-
position by having a minimum amount of heated surface for the
gases to come in contact with and by removing them from the heated
1. Mining and Metallurgy, No. 158, Feb. 1920.

6zone as quickly as possible without subjecting them to a higher
temperature than that at which they were given off,
Ehe study of these products of decomposition has involved
the following points:
(a) Determination of the weights and volumes of water of
decomposition, tar and oil, ammonia,
- hydrogen sulfide, all
other gases, and the residue left after heating,
(b) Analysis and calculation of the total yield of gases
evolved.
(c) Determination of the paraffin content of the tar.
(d) Careful regulation of time and temperature conditions
during carbonization to note the temperature at which any
active chemical reaction takes place within the coal and
study of the decomposition products at that temperature to
gain an idea of what this reaction is.
II. Experimental.
1. Apparatus.
!Dhe retort as finally adopted for the carbonization of
the coal consisted of a capped two-inch iron pipe containing a
thermocouple pocket, fitted with a one -eighth inch pipe delivery
tube and a one-eighth inch pipe for the introduction of an inert
gas for sweeping out the apparatus, 'Ehe pipe was cut in two and
fitted with a flange union; in operation the retort was made
tight by fitting an asbestos gasket saturated with flake graphite
and oil between the halves of the flange union and tightening them
up with one -half inch machine bolts. Glass wool over the ends of

7the entrance and exit pipes prevented loss of the sample during
rapid passage of gas through the retort. A 100 gram sample of
coal, which just filled the retort was used in each of the tests.
The retort was heated by a ni -chrome wound, electric
resistance furnace, already in the laboratory, insulated from
radiation by asbestos and sil-o-cel.
light oils, tar, and water were collected in a 'side-arm
test tube 1 attached to the one -eighth inch delivery pipe from the
retort. The test tube was surrounded with cold water to condense
out the lighter portions of the gas.
A U-tube filled with calcium chloride was next in the
train, designed to catch any residual moisture remaining in the
gas.
A water manometer next in the train indicated the press-
ure in the retort.
A second calcium chloride tube in the train was designed
to prevent any moisture coming back from the wash bottles.
An SJrlenmeyer flask containing an acid solution of
copper sulphate washed the gas given off during carbonization and
removed ammonia and hydrogen sulphide.
All the remaining gas was tnen collected in a twelve
liter aspirator bottle over a saturated salt solution, and at the
end of the run put under exactly atmospheric pressure by means of
the leveling bottle and a water manometer at the top of the
collector, the volume of the gas being determined by the volume
of the solution displaced.



92. Temperature Control and Measurement.
The temperature of the retort and furnace was controlled
by an external resistance or rheostat of ni-ehrome wire. After car-
bonization reactions started within the coal the temperature was
raised at a uniform rate of 40°-45°C. per hour. It was found
possible to do this with only a difference in temperature between
the outside and inside of the retort of 50°C.
In test runs up to a temperature of 350°C. the temper-
ature was measured by two ordinary mercury thermometers, one
inserted in the furnace next to the retort wall, and the other
inserted in the thermocouple pocket in the center of the retort.
Above 350°C. the temperature was measured by two Iron-Constantan
thermocouples, constructed and standardized in the laboratory.
Copper-Constantan thermocouples were first tried, but due to the
rapid oxidation of the copper element at high temperatures they
were found to be unsatisfactory.
The Iron-Constantan thermocouples were made of No. 32
wire (B & S gauge), protected by alundum tubes, and in connection
with a direct reading millivoltme ter and an external resistance
of 800 ohms were standardized against a standard Pt-PtRh couple
already in the laboratory. The millivoltme ter was found to be
sensitive to within B°C.
3. Determination of Products and Analysis.
Tar and water were determined by direct weighing and
separation in a graduated cylinder or graduated separatory funnel.
Hydrogen Sulphide, precipitated as CuS from the CuS04

10
solution, was determined by the ignition of the CuS to CuO.
Ammonia was determined by the neutralization of the HgO
given off during carbonization plus the aeid CuS04 solution (after
removal of the CuS precipitate), and distillation on a Kjeldahl
distillation rack into standard acid.
Gas was collected and measured as described under the
heading •Apparatus' above. It was analyzed in the modified Orsat
apparatus, carbon dioxide and oxygen being determined in the usual
manner, the ethylene series by absorption in HgSO^ of sp . gr. 1.84,
the benzene series by absorption in fuming H2SO4, hydrogen and
carbon monoxide by oxidation in a tube filled with CuO heated to
290°-300°C, the hydrogen being determined by direct contraction
and carbon monoxide by the amount of COg formed. The methane series
was burned with oxygen in a slow-combustion pipette and the vol-
umes each of methane and ethane calculated according to the method
1 9
of Earnshaw
,
which method was also used by Porter and Taylor .
Nitrogen was determined by difference.
Due to the small amount of tar obtained no tests were
run on it other than a determination of the amount of paraffins,
run by the sulphonation method of the IT* S. Forest Service 3 .
4. Operation of the Apparatus.
The coal used was air dried, ground in a ball mill to
pass a 60-mesh sieve, and was kept in a glass stoppered bottle of
about 8 liters capacity.
1. Jour. Frank. Inst., 146 (1898), pp. 161-176.
2. Tech. laper No. 140, ~TT7 S. Bur. Mines, p. 11.
3. Forest Service Cir. No. 191, U. S. Dept. Agriculture.
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For each teat run a 100 gram sample was weighed out and
put into the retort, The retort was closed and bolted tightly to-
gether, using a graphite -asbestos gasket between the halves of
the union, after which it was tested for leaks by introducing gas
under pressure into it and placing the retort under water.
After placing the retort in a horizontal position in
the furnace and connecting up the train of collecting apparatus,
the retort and entire train was swept out with 2000 c.c. of dry
nitrogen (This amount of nitrogen was found experimentally to
remove all traces of oxygen from the train), thus furnishing an
inert atmosphere for the carbonization. The current for the furnace
was then turned on and the temperature of the retort raised more
or less rapidly to about 200°-225°C. after which the temperature
was raised as nearly as possible at the regular rate of 4rO°-45°C.
per hour.
The leveling bottle for the gas collector was lowered
whenever necessary so as to at all times keep the system at
practically atmospheric pressure, the pressure being noted by
the water manometers (see K, Fig. I.).
After reaching the maximum inside temperature desired
the retort was held at this temperature until further evolution
of gas practically ceased. As a rule, this required about two
hours. The system was then swept out with a measured amout of
dry nitrogen in order to push all the gases evolved over into
the gas collector. After using about 2000 c.c. of nitrogen the
stopcocks to the train were closed and the retort allowed to cool
down to room teigperature
,
adding nitrogen whenever necessary to

allow for the contraction of the confined gas as it cooled. (The
total volume of nitrogen added was subtracted from the 'total
amount of gas collected 1 to give the total amount of gas evolved,
and correction was allowed for its presence in determining the
percentage composition of the gas evolved. )
5. Type of Coal Used.
The coal used was an Eastern Bituminous Coal of the
High Volatile Type, obtained from the Consolidated Coal Company
of Fairmount, West Virginia, and had the following analysis:
Proximate: Ultimate:
Moisture 1.34 Carbon 7 8.43
Volatile 35.76 Hydrogen 5.06
Fixed Carbon 56.92 Oxygen (By Diff) 6.91
Ash 5.98 Nitrogen 1.50
100.00 Sulphur 0.78
Ash 5.98
Moisture 1.34
100.00
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Table I.
PRODUCES OF HEATING GOAL.
Max. Outside
Temp •
Max. Inside
275°C
252°C
335°C 395°C 440°C
300°C 355°C 400°C
500°C
455°C
545°C
500°C
600°C
550°C
660°C
605°C
Total Hrs. Heating *i 5 6 6f 7 7f H
Wt. Coal Taken 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Oven Drying Loss 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34
Water of Decomp. .54 .63 .67 .96 1.44 2.22 2.20 2.32
Oil ana Tar none .35 1.00 3.20 9.72 12.24 12.80 14.71
Wt. Gas Evolved .18 .35 .50 1.74 4.42 7.68 9.08 11.31
Wt. of Coke 97.94*97.33 *96. 50*92. 50 83.00 78.50 75.50 70.60
Total C.C. Gas 133 240 525 1658 4345 7990 10395 137 85
C.C. Tar and Oil none .41 1.1 3.6 10.8 13.6 14.2 14.7
$ Paraffins in Tar 43.0 27.2 10.0 10.5 12.5 12.0
Type of Residue pow'd pow'd pow'd fused
sw'ld
fused
sw'ld
fused
sw'ld
fused
sw'ld
fused
sw'ld
Determined by Difference.
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Table II.
GASEOUS PRODUCTS OF HEATING COAX.
C.C. per 100 grams.
Temp • inside Retort 250°C 300°C 350°C 400°C 45 C C 500°C 550°C 600
Carbon Dioxide 21 77 134 259 393 563 760 976
Oxygen 10 13 OA c ocms 49 67 60 130
Ethylene Series 1 2 9 36 86 227 225 229
Benzene Series 18 23 20 58 215 245 168 130
Hydrogen 23 35 199 497 1106 1636 2410 3785
Carbon Monoxide 13 20 25 36 86 200 27 8 507
Me thane 53 234 1052 2962 4024 4845
29 58
Ethane 14 166 7 93 992 1205 1366
Nitrogen (By Diff
.
)
18 12 39 350 565 1098 1190 167 5
Hydrogen Sulphide none 1 14 * trace
*
74 140
Ammonia X X X X X X X X
Total Yield Gas 133 240 525 1658 4345 7990 10395 137 85
* Undetermined due to use of new iron retort.
x.The NHg formed a oomplex with the CaClg in the absorption
train and henee was not determined.

H5
Table III.
COMPOSITION OF GASES.
Per cent "by Yol-ume.
Temp, inside Retort 250°C 300°C 350°C 400°C 450°C 500°C 550°C 600°C
Carbon Dioxide 15.7 32.1 26.5 15.6 9.1 7.0 7 .4 7.2
Oxygen 7.5 5.4 4.0 1.3 1.1 0.8 0.6 1.0
Ethylene Series 1.1 0.8 1.8 2.2 1.9 2.8 2.2 1.7
Benzene Series 13.4 9.6 2.6 3.5 5.0 3.1 1.6 1.0
Hydrogen 16.9 14.6 39.3 29.9 25.5 20.5 23.4 27.7
Carbon Monoxide 9.7 8.3 4.9 2.2 1.9 2.5 2.7 3.7
Me thane 10.5 10.0 24.2 37.1 39.0 35.5
21.7 24.2
Ethane 2.7 14.1 18.3 12.4 11.7 10.0
Nitrogen (By Diff
.
)
15.2 5.0 7.7 21.2 13.0 13.8 11.4 12.2

¥660
3600
IdDO
S6d
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300 3W S6b 66d
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2. Discussion of Results.
Hhe results of this investigation are tabulated in
Tables I, II, and III and are further represented graphically in
Figures II, III, and IV.
Che first indication of decomposition in the coal occurs
at about 180°C. and is marked "by the appearance of large quantities
of water. The gas up to 250°C. consists of small quantities each
of C02 , 2 , C6H6> CO, and members of the CnH2n+2 series. The nature
of the gases at this temperature would indicate that the reaction
is one of giving up of adsorbed and occluded gases by the coal,
accompanied by the decomposition of what possibly are fatty acids
with the liberation at this temperature of the HgO and subsequent
distillation of the resulting compounds.
Eaoh of the gases mentioned above appear in increasing
amounts in heating up to 300°C. along with H 2S which makes its
appearance just at this temperature.
In cooling the heated coal from the temperatures of 300°
and 350°C, allowing the admission of dry nitrogen into the retort
to correct for the contraction in cooling of gases in the retort,
the phenomena of adsorption of nitrogen by the coal was observed,
as much as 200-300 c.c. of the gas being adsorbed.
Marked decomposition of the coal does not occur until
it has reached a temperature of about 350°C. and is characterized
by a large increase in the evolution of gas together with some-
what of an increase of oil and tar. At this temperature there
also seems to be an exothermic reaction taking place within the
coal; this phenomenon was noted by Parr and Francis to be at 315°C.
in an Illinois coal, and by Eollings and Cobb to take place at
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345°-400°C. in cellulose.
Softening of the coal and formation of a coke structure
ocours between the temperature of 355° and 37 0°C. This point was
determined in a test run which was accidently carried to a temper-
ature of 37 0°C. in which coke structure was first observed.
The greatest evolution of oil and tar occurred between
the temperatures of 400° and 450°C, while between 350°-500°C.
the evolution of oil and tar was equal to 11$ of the weight of the
coal. Porter and Taylor, in their investigation, found tar and oil
comprising 10-12$ of the coal to be given off between the temper-
atures of 427°-482°C.
In the interval between 500°-600°C. the evolution of
C2H4 ceased; there also was very little water of decomposition
formed, while in the gas there appeared less of the benzene series
than at lower temperatures. This may be explained upon either or
both of two factors, - either that more of the benzene remained
in the oil and tar in a liquid state rather than in the gas as a
vapor state, or, considering the work of J. W. Cobb (see page 3),
may depend upon the condensation of benzene to diphenyl with the
elimination of Hg, or as is more probably the case at this tem-
perature and in the presence of Hg, of the condensation of tol-
uene to stilbene.
In the interval from 550°-600°C. CH4 and H 2 are given
off in large quantities, but the latter in the larger amount,
indicating that probably in the next range of temperatures H 2
would predominate in the gas to a muoh larger extent than CH4.
The amount of C£H6 given off at this temperature is considerably
smaller than at lower temperatures and has only about one -fourth
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the volume of the CH4 given off through the same range. This would
be in direct accordance with the work of Parr and Layng at the
University of Illinois, and parallel to the work of White, Park,
and Dunkley.
In the tabulated results the values for hydrogen sulphide
are missing for several temperatures, due to the adoption of a
new iron retort for the tests, the H 2S reacting as soon as formed
with the heated walls of the retort rather than passing out into
the absorption train. After the retort was saturated with sulphur
however, HgS again appeared in the gas.
Likewise the values for NH3 are missing. It was planned
and thought possible to determine this constituent of the gas by
absorption in a solution of H 2S04 , but after the investigation had
been concluded in looking for an explanation of the discordant
and quite low yields of NHg it was found that it had been taken
up to a greater or less degree by the CaCl^ in the absorption
train, forming no doubt a 'complex 1 with the hydrated calcium
chloride. Due to the fact then, that the results which had been
obtained were so highly in error no value at all has been given
for UHg.
CO2 appears in constantly but gradually increasing
amounts throughout the entire carbonization range; carbon monoxide
and oxygen do likewise until a temperature of 550°C. is reached,
when they both take a rapid jump upwards. Ho explanation of this
fact is attempted.
Nitrogen in the gas, being determined by difference,
and including therefore the summation of all errors in gas
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analysis, is undoubtedly too high.
The tar given off has a paraffin content dropping from
43;£ at 300°C. down to 10-12$ in the 400°-600°C. range; the remain-
der of the tar must "be aromatic B and unsaturated hydrocarbons. This
does not agree entirely with Lewes^" nor with Pictet and Bouvier^,
who found that upon distilling coal at 450°C. in a partial vacuum '
a tar containing no phenols, naphthalene, anthracene, or any
other aromatic compound was obtained.
Although slow distillation of coal seldom yields a good
coke structure the coke in these test runs has a well defined
structure, and at 450°C. and above it has a great deal of strength.
IV. Summary and Conclusion.
The first decomposition proper of the coal consists of
the splitting off of EgO from what probably are fatty acids, leav-
ing the resulting hydrocarbons, aliphatics, and probably also
aromatics, for subsequent distillation. The gas at these low tem-
peratures, containing as it does, aromatics, together with the oil
and tar, further demonstrates either that aromatics must be present
in the coal as such, or, that even under the best conditions of
carbonization it is impossible to obtain the primary products of
decomposition but that molecular condensation results, ring
compounds being formed from straight-chain hydrocarbons.
The next compounds in the coal to decompose upon the
action of heat are those compounds which yield paraffins; unsaturat-
1. The Carbonization of Coal, 7. B. Lev/es, (1914), p. 192.
2. Compt. Rend., t. 137, (1913), pp. 77 9-7 61; Gas tforld,
60, (1914), p. 45.
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ed hydrocarbons also appear in tha gas at low temperatures, which
together with the paraffins and the oxides of carbon no doubt are
derived from the resinic material of the coal and from the decom-
position of the fatty acids of the higher type.
Hydrogen, appearing in greatest quantity at the higher
temperatures, logically is derived for the greater part, as Lewes,
Burgess and Wheeler agree, from a decomposition of the cellulose,
The study of the tar indicates clearly that the nature
of the coal from which it is derived is an important factor in
determining its nature, in addition to considering the temperature
at which it was formed.
Although it is evident that some of the constituents of
the coal decompose more rapidly than others, it does not seem
that there is selective action to any great extent between the
resinic and cellulosic material, but that they decompose through
the same range of temperature,
The appearance of the coke indicates that the 1 coke -form-
ing constituent 1 has done its work at 37 0°C. and that further
action of heat merely drives off the more volatile portions of the
resinic material of the coal with the formation of some carbon,
leaving a less volatile coke of greater strength.
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